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Automated microscopy has become an important screening instrument in many fields of research. High throughput capabilities in image acquisition, image processing and data evaluation has lead to new types of experimental designs, e.g. genetic studies on multicellular organisms (1), pharmaceutical drug profiling (2, 3) , RNA interference studies (4) or investigation of microbial communities in environmental systems (5) . Microscopic screening platforms are no longer restricted to selected customers with large research budgets, as many manufacturers now provide fully motorized microscopes with integrated software development environments. They have also become more user-friendly and extensive engineering and programming skills are no longer required to create specific applications. Image analysis techniques, routines and tools for object recognition and measurements are widely available today, as well as powerful and inexpensive computer systems. However, only precisely focused images can provide optimal output in any image processing routine.
Autofocusing that precedes image acquisition is a crucial initial step of the automated workflow (6) . Thus, the design and implementation of a precise, robust and flexible autofocus routine is a critical issue and potential pitfall in the development of autonomous imaging platforms, especially at high resolution, e.g. to investigate subcellular structures or bacteria. Deviations of a few hundred nanometers from the focal plane already significantly lower the image quality when using high numerical aperture (NA) objectives (7, 8) . There are two main implementations of autofocus functionality in commercially available light-microscopes (hard-and software autofocus) that both require a motorized focus drive. Hardware autofocusing, based on light reflection on interfaces, requires additional optical and electronic components but offers fast and accurate focusing (9) . Unfortunately these systems are also expensive and complex. The more flexible and
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Hardware, software and integrated development environment
The autofocus routine was developed as an integral part of an automated high-throughput microscopy system to quantify the abundances and biovolumes of different bacteria in aquatic environments (16) . The core of the system consists of an epifluorescence microscope (AxioImager.Z1, Carl Zeiss, Germany) equipped with a motorized stage for eight microscopic slides (step size: x,y: 200 nm, z: 10 nm). The epifluorescence illumination device Colibri (Carl Zeiss), featuring LED modules for 365 nm, 470 nm, and 590 nm excitation, was used in combination with a triple band filter set (Zeiss 62 HE) to image different fluorescent dyes.
Additionally, a "neutral white" LED (emission approx. 450-700 nm) was used at low intensity for brightfield autofocusing in a epi-illumination mode. Fluorescence and brightfield images were recorded with a CCD Camera (AxioCam MRm, Carl Zeiss) using a 63 × objective (PlanApochromat, NA = 1.4). The camera delivered 12 bit grayscale images with a resolution of 1388 × 1040 px. The resolution of the live image was 692 × 520 px, respectively. The microscope was controlled by a personal computer and the software AxioVision 6.3 (Carl Zeiss). Automation of the image acquisition routine, including the autofocus was realized by object oriented programming in the Visual Basic for Application (VBA) module of AxioVision. The program code of the autofocus routine is available at http://www.kingdoms.ch under general public license.
Biological samples
The biological preparations that this autofocus routine was developed for are multiple 5/25 fluorescently stained bacteria from water samples of marine or freshwater systems, monodispersed on polycarbonate membranes (0.2 μm pore size) by filtration. Preparations were double stained by fluorescence in-situ hybridization (FISH) with rRNA-targeted oligonucleotide probes and by 4',6-diamidino-2-phenylindole (DAPI) (17) (18) (19) . Membrane filters were cut into sections, stained and embedded on microscopic slides ( Fig. 1 A and B) . Microbial cells were imaged using a 63 × oil immersion objective (Plan-Apochromat).
Nested autofocus strategy
Autofocusing was performed by continuous movement of the stage in z-direction and simultaneous data acquisition (6) . Data acquisition was done on two independent devices, the CCD camera (live-images) and the microscope stage (z-positions). As they deliver data at different rates, special emphasis had to be given to the mapping of the data from the two events. Briefly, the stage was moved downwards for a defined distance from an initial start z-position at a defined speed.
While moving, data (camera live images and stage z-positions) was collected by two independent event handlers ( Fig. 2 A) and a timestamp was attached to each event. The collected data was stored transiently in the RAM of the computer. Data acquisition was stopped at the lower z-position by disposing the event handlers.
Autofocusing was performed twice on each FOV in a nested mode, as described previously (5, 20) . In the first run, focusing was performed at high speed (40 µm s -1 ) over a large distance in brightfield illumination to determine the z-position of the membrane filter. A z-distance of 400 µm was covered on the first FOV on a new preparation whereas subsequent brightfield focus runs on the same preparation were performed over a distance of 40 µm relative to the last in-focus zposition. In case of a focus error brightfield refocusing was repeated over a distance of 400 µm. was determined by a second order polynomial interpolation (6) . Subsequently, the z-position collection was used to obtain the z-position corresponding to that particular time point by linear interpolation (Fig. 2 B) .
Focus Algorithm
To 
Multi spot autofocus
To determine the topology and inhomogeneity within a FOV, the focus algorithm was not applied to the entire image. Instead, every live image in the collection was divided into 9 rectangular parts ( Fig. 2 D and E), and a focus measure was calculated for each of the resulting subimages. This resulted in 9 z-stacks which can be represented as 9 focus curves when plotting the focus measure against the live-image index (or the corresponding timestamp, respectively) ( Fig. 2 F). The 9 in-focus z-positions of each of the 9 subimage stacks were calculated as described above (Fig 2 C) . Since the focus measure is based on the weighted histogram, it additionally served as an estimator for the presence of bright objects, i.e. bacterial cells. Thereby, subimages containing few or no cells could be readily detected by applying a threshold. The overall in-focus z-position was then calculated as the average of the focus positions of the cell-containing subimages only. As the camera and the stage of the microscope are two independent, non-real-time devices, an empirically determined constant offset had to be added to the calculated z-position for precise adjustment.
Unevenness within a FOV was quantified as the difference between the maximal and the minimal in-focus z-position of the 9 subimages. Based on the above described measurements, the routine featured several aborting criteria, error detection and feedback routines, e.g. recognition of empty FOV or extremely uneven FOV.
More details are documented in the available source code.
Measurement of sample topology
The topology of a typical preparation was assessed by performing brightfield autofocus runs in 370 μm in x-and y direction, respectively. The determination was repeated three times using the same coordinates.
Autofocus reproducibility and comparison of focus algorithms
16 FOVs were arbitrarily chosen from a typical FISH preparation. On each FOV, a human microscopist determined the in-focus position of the bacterial cells (DAPI, UV excitation) manually for 16 times, using the camera image on a computer screen. Subsequently, the autofocus routine was run using the 3 above described algorithms in sequence. The sequence was performed 16 times for each FOV.
Extended depth of field (EDF) imaging
The limited depth of field in fluorescence microscopy due to the usage of high NA objectives was extended by the acquisition of image stacks in z-direction and the subsequent application of a wavelet based extended depth of field algorithm (22) . Z-Stacks were acquired in an interval of 0.4
μm. The EDF functionality was provided by the commercially available AxioVision module "Extended Focus". Z-Stacks processed by the EDF algorithm resulted in a single image where every object in the image was present in its most focused state within the input z-stack.
Generation of an image test set
To assess the quality of a FOV during the autofocusing process and the effect of z-stacking and EDF imaging, a test set of images was generated on a set of typical samples from Lake Zürich. 44
preparations of FISH and DAPI stained bacteria were imaged using the here described autofocusing 
Cell counting
Cell counting on images was performed by image analysis using a custom made automated routine developed with VBA in AxioVision. Briefly, binary images were created using a dynamic thresholding procedure provided by AxioVision and objects within a certain range of size and brightness were counted.
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Results: 
Determination of filter topology
To assess the topology of a typical FISH-preparation, i.e. the evenness of the supporting polycarbonate membrane filter on a larger scale in the range of millimeters (Fig. 1 B) , z-positions on 64 FOVs were determined (Fig. 1 C) . The mean horizontal distance between FOVs was 486 µm.
The maximal difference in z-direction in the topology of the membrane filter within the analyzed area of 9.1 mm 2 was 12.5 µm. The average maximal deviation of replicated measurements per FOV was 0.7 µm. The average z-displacement between neighboring FOVs accounted to 1.92 ± 1.50 µm (min: 0.05 µm; max: 6.37 µm).
Performance of the autofocus routine
The precision and the performance of the autofocus routine was compared with a human microscopist, and the newly developed focus algorithm (WHS) was compared to two previously described ones. The deviations in z-direction of single focus events to the overall mean are depicted in Figure 3 . The precision of the three algorithms did not significantly differ (1 way ANOVA, posthoc tests by Tukey and Scheffé method) but significantly outperformed the human microscopist. In terms of computation time of the three implemented algorithms, WHS was about 5 times faster than BG and 4 times faster than NV.
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Acquisition of the image test set 
Quality assessment of a FOV during the autofocus procedure
The unevenness of each FOV category are depicted in 
Effect of z-stacking and EDF imaging on bacterial cell counts
Cell counts were performed only on the HQ and MQ FOVs. Within each FOV, the number of cells detected in the EDF11 image was compared with cell numbers on EDF images with different depths of field (EDF1, EDF3, EDF5, EDF7, and EDF9) (Fig 4 B) . A total number of 724037 cells were counted on 1723 EDF11 images. Z-stacking and EDF increased cell counts both in the HQ and MQ category. This effect was more pronounced in the MQ category, as these FOVs exhibited higher unevenness (Fig 4 A) . HQ and MQ did not significantly differ in cell counts in the EDF7 and EDF9
images. image acquisition and movement in z-direction, run synchronously on two independent devices (camera and stage) that deliver information at different rates. The frame rate of the camera is not constant and provides output every 20 to 100 ms depending on the type of camera, illumination mode, and other factors. The stage, on the other hand, delivers z-positions at a constant frequency, e.g. every 100 ms. Thus, a direct assignment of the live images to their corresponding z-positions is not possible. We therefore used a timer with millisecond resolution to map all events to time (Fig 2) and subsequently calculate the focus position. Recently, selective sampling in z-direction based on dynamic extremum search (23) or model based curve fitting (24) has been proposed to decrease focusing time. However, these methods require strictly unimodal focus curves or distinct focus functions, limiting their flexibility, e.g. with respect to implementing different focus algorithms, and they are not compatible with the concept of multi-spot autofocusing.
A general problem of autonomous microscopy is the uncertainty of finding objects of interest on a particular FOV. If no objects, e.g. fluorescently stained bacteria, are present on a FOV due to their inhomogeneous distribution, or if a FOV features large unspecifically stained particles, autofocusing in fluorescence will not succeed. Prediction of empty fields has been demonstrated previously (6), but topological unevenness within a FOV also leads to unsuccessful imaging. Here we demonstrate that an autofocus routine can be used to determine more specific quality parameters, e.g., the unevenness within a FOV, which is closely linked to the quality of the resulting image (Fig 4 A) . Focus information can be measured on multiple spots within a FOV by division of the live image into subimages. This allows to quantify unevenness and to assess the quality of a FOV while focusing. Such a quality assessment prior to actual image acquisition is advantageous for several reasons, e.g. it reduces the total time of imaging and of post acquisition image quality control by immediately discarding low quality FOV.
A limited FOV unevenness that would nevertheless lead to significant loss in measurement (Fig 4 C, D) . Moreover, we observed that stacking and EDF also increased the image quality on high quality FOV and led to higher cell detection rates, albeit to a lesser extent than in medium quality FOV (Fig 4 B) . If high measurement precision is required, we thus suggest always acquiring image stacks and performing EDF. On our samples, using a 63 × objective, stacks of 7 images (covering a range of 2.4 µm) represented an optimal compromise between acquisition speed and data quality.
The choice of autofocus algorithm provides another means of obtaining additional FOV quality information. Many algorithms aim for image contrast, entropy or spatial frequency content (12, 24, 25) whereas the here introduced WHS algorithm specifically targets brightness: the maxima of the focus curves of the subimages correlate to the overall brightness of the subimage (Fig. 2 F) .
This yields a rough estimator for the presence of fluorescent objects, and FOVs containing few or no cells can thus be discarded prior to image acquisition. Additionally, FOVs containing too many cells or bright artifacts can also be recognized and excluded by appropriate thresholding. The precision and reproducibility of the WHS algorithm was not significantly different to NV and BG (Fig. 3) which have been recommended in other studies (10, (23) (24) (25) even though WHS is computationally less intensive. Interestingly, all three algorithms significantly outperformed a human microscopist, probably because humans do not always focus on the same part of slightly uneven FOVs. For non-fluorescent objects in other illumination modes (e.g. bright field imaging), other focus algorithms are more appropriate. Presently the three mentioned algorithms are implemented by default in our routine. Since the documented source code is freely available (http://www.kingdoms.ch), more algorithms can be readily added. Furthermore the system has the potential to be extended with more specific image processing steps on the live-image level, such as early stage object detection and measurement.
In conclusion, we combined several strategies to enhance the overall performance of autofocusing. We moreover showed that autofocusing has the potential of delivering more information than the mere in focus position and that it can be used to assess the quality of a FOV prior to image acquisition. Due to its intrinsic flexibility we are confident that the here described strategies can be readily adapted for different widefield microscopy based screening systems in other fields of research, and on other kind of samples, e.g. biofilms, eukaryotic cells, and tissue preparations. 
Legend to

